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Abstract
The potential effect of climate change on regional suitability for cocoa cultivation is a serious
economic concern for West Africa—especially for Ghana and Côte d’Ivoire, whose cocoa
cultivation accounts for respectively∼19% and∼45% of world production. Here, we present a
modelling and observational study of cocoa net primary productivity (NPP) in present day and
future West African climates. Our analysis uses a data assimilation technique to parameterise a
process-based land-surface model. The parameterisation is based on laboratory observations of
cocoa, grown under both ambient and elevated CO2. Present day and end of 21st century cocoa
cultivation scenarios are produced by driving the parameterised land-surface model with output
from a high-resolution climate model. This represents a significant advance on previous work,
because unlike the CMIP5 models, the high-resolution model used in this study accurately
captures the observed precipitation seasonality in the cocoa-growing regions of West Africa—a key
sensitivity for perennials like cocoa. We find that temperature is projected to increase significantly
and precipitation is projected to increase slightly, although not in all parts of the region of interest.
We find, furthermore, that the physiological effect of higher atmospheric CO2 concentration
ameliorates the impacts of high temperature and variation in precipitation thereby reducing some
of the negative impacts of climate change and maintaining NPP in West Africa, for the whole 21st
Century, even under a high emissions scenario. Although NPP is an indicator of general vegetation
condition, it is not equivalent to yield or bean quality. The study presented here is, nevertheless, a
strong basis for further field and modelling studies of cultivation under elevated CO2 conditions.
1. Introduction
Cocoa is a major cash crop in West Africa. Chan-
ging suitability for its cultivation under climate
change is thus a serious economic issue, especially for
Ghana and Côte d’Ivoire, where cocoa accounts for
respectively ∼3% and ∼7% of the GDP and ∼19%
and ∼45% of world production (Bunn et al 2018).
Recent studies have suggested that predicted changes
to the climate would impact suitability for cocoa pro-
duction in some regions of West Africa (Laderach et
al, 2013, Schroth et al 2016). Here, we provide a more
comprehensive assessment of this impact through a
process-based exploration of the interaction between
cocoa plant physiological processes, climate variabil-
ity and atmospheric CO2 levels.
In model projections, it is well known that
changes in the mean climate are associated with
changes in daily variability in temperature and pre-
cipitation (for example, Black 2009, Dunning et al
2018). Since daily variability in precipitation and
temperature affect land-atmosphere interactions,
changes in the weather are likely to affect future agri-
culture. For example, intensification of precipitation
© 2020 The Author(s). Published by IOP Publishing Ltd
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may reduce infiltration of water into the soil, because
surface run-off is increased, and hence reduce root
zone soil moisture during key parts of the growing
season (for example, Eekhout et al 2018). Process-
based land-surface and crop models that include
parameterization of soil hydraulics provide a means
of investigating the impact of changing precipita-
tion variability on soil moisture, and hence crop
productivity (for example, Seneviratne et al 2010,
Osborne et al 2015, Asfaw et al 2018).
The effect of climate change on land-atmosphere
interactions is modulated by the influence of elev-
ated CO2 levels on plant physiological processes. In
C3 plants, such as cocoa, increased atmospheric con-
centrations of CO2 lead to higher leaf internal con-
centrations of CO2, and hence to increased rates of
photosynthesis (the direct fertilization effect). Fur-
thermore, higher internal CO2 concentrations result
in a decrease in stomatal conductance in many spe-
cies, reducing transpiration (Lambers and Oliveira
2019). Reduced stomatal conductance will thus tend
to reduce drought stress through maintenance of
plant water status and increase plant productivity
(Black et al 2012; Lemordant et al 2018). The effect
of atmospheric CO2 concentrations on productivity
depends strongly on plant type (Ainsworth and Long
2005). It is critical therefore that land surface models
are parameterized using experimental observations of
cocoa photosynthesis under both ambient and elev-
ated CO2.
Unlike annual crops, which grow only during the
rainy season, perennials such as cocoa are affected by
the weather all year round (Wood and Lass 2008).
Such crops are thus highly sensitive to changes in
temperature and rainfall during both the wet and
dry seasons, and hence to precipitation seasonality.
Assessment of change in the seasonal cycle of pre-
cipitation requires a climate model that represents
the present-day seasonal cycle accurately. In south-
west Africa, although the low-resolution coupled
models included in the multi-model ensemble that
comprise CMIP5 (Coupled Model Intercompar-
ison Project Phase 5—further described in section 3
of the supplementary material (available online
at https://stacks.iop.org/ERL/16/014009/mmedia))
capture the mean climate fairly well (Roehrig et al
2013), they fail to simulate even the broad features
of the rainfall seasonal cycle (Dunning et al 2017).
The representation of the seasonal cycle is, however,
much improved in a new suite of high-resolution
global climate model simulations (see supplement-
ary materials: section 1), offering an opportunity to
investigate the impact of change in precipitation sea-
sonality on perennial crops, such as cocoa.
Because of the complexities described above,
assessments that infer climate change impacts on crop
productivity solely from changes in climatological
metrics cannot be considered robust. Our process-
based approach thus advances on previous studies of
future cocoa cultivation, in which the climatic con-
ditions under which cocoa is currently cultivated are
treated as an analogue for future cultivation suitab-
ility (Läderach et al 2013, Schroth et al 2016). To
this end, we utilize a new suite of high-resolution
climate model simulations, which accurately capture
the observed seasonal cycle in precipitation. The cli-
mate model output is used to drive a process-based
land-surface model, which includes a new photosyn-
thesis and coupled stomatal conductance parameter-
ization based on observations of cocoa cultivation in
both present day and elevated CO2 scenarios. These
model simulations provide insights into how changes
in the climate, together with changes in physiological
processes affect photosynthesis, and hence cocoa pro-
ductivity in the future.
2. Methodology
Our study takes a three-pronged approach. Firstly,
we analyse changes in relevant metrics of temperat-
ure and precipitation, both in the CMIP5 models,
and in an ensemble carried out using a single high-
resolution climate model (section 2.1). Secondly, we
carry out a series of controlled glass-house experi-
ments of the response of cocoa plants to elevated CO2
(section 2.2). Thirdly, we present a multi-factorial set
of experiments, using the JULES land surface model
(section 2.3) to explore the effect of changes in tem-
perature, rainfall and CO2 on net primary produc-
tion of cocoa. Key to this is a new parameterisation for
JULES, based on experimental observations of cocoa
growth under present day and elevated CO2 levels.
Note that descriptions of the coupledmodel inter-
comparison (CMIP5) climate models and observed
meteorological data used in this study are given in
supplementary information.
2.1. Climate change analysis
Data were taken from the UK Met Office Unified
Model (GA3) ensemble of 25 km resolution global
atmosphere-only runs: The U.K. on Partnership for
Advanced Computing in Europe (PRACE) Weather-
Resolving Simulations of Climate for Global Envir-
onmental Risk (UPSCALE) project runs (herein these
runs will be referred to as UPSCALE). The UPSCALE
simulations use an atmosphere only AMIP (Atmo-
spheric Model Intercomparison Project) type set
up, in which an atmospheric model is driven with
observed sea surface temperature (SST). Here, OSTIA
SSTs represented present climate (Donlan et al 2012);
and with OSTIA SSTs modified by HadGEM2 pro-
jected SST change (2090–2110 relative to 1990–2010;
RCP8.5 scenario). CO2 is set to constant values of
343 ppmv for the 1990–2012 runs and 935 ppmv for
the future climate runs (Mizielinski et al 2014). The
ensemble consists of five present day and three future
integrations, generated through small perturbations
to initial conditions.
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The high-resolution model analysis is supple-
mented with analysis of model output from the 5th
Coupled Model Intercomparison Project (CMIP5),
which forms the basis of the IPCC 5th assessment. In
this study, 29 models were used, comprising a range
of modelling centres and including a range of resolu-
tions and parameterisations. A full description of the
CMIP5 dataset is given in Taylor et al (2012); and a
table of the models used in this study, with informa-
tion on horizontal resolution, is given in the supple-
mentary material (table S3.1).
Lack of knowledge of future emissions is a key
source of uncertainty in climate projections. The
CMIP5 approach is to carry out climate model sim-
ulations for a range of greenhouse gas concentra-
tion trajectories, described by representative concen-
tration pathways (RCPs) (Van Vuuren et al 2011).
Although the RCPs are based on CO2 concentrations,
rather than emissions, the two are closely related.
To explore the range of uncertainty related to future
emissions, the following two RCPs were considered:
RCP 4.5, a medium emissions scenario, with CO2
emissions gradually increasing until ∼2040 and then
declining; RCP 8.5, a high emissions scenario, with
CO2 emissions increasing at rates that are close to the
present day throughout the 21st Century.
2.2. Observational chamber experiments
2.2.1. Plant growth conditions
Four-month-old seedlings of Theobroma cacao (var.
Amelonado) were grown in 5L pots containing a
mixture of sand, gravel and vermiculite (1:2:2 by
vol) under controlled greenhouse conditions at the
Controlled Environment Laboratories at the Univer-
sity of Reading. The seedlings were grown under
two CO2 concentrations for 154 days. Nine seed-
lings were placed in each of four greenhouses. Two
compartments were maintained at a CO2 concentra-
tion close to ambient (400 ppm) and two compart-
ments were maintained at an elevated CO2 concen-
tration (700 ppm). Temperature conditions within
each compartment were set to mimic typical condi-
tions in Ghana in January. The target temperature
cycled between a minimum of 19 ◦C at night and
a maximum of 32 ◦C during the day. Average relat-
ive humidity in the compartments was 51%. All trees
were irrigated to excess with a modified Long Ashton
solutions six times daily.
2.2.2. Photosynthetic light response curves
Photosynthetic light response curves were measured
on the youngest, fully expanded and hardened leaf
which had developed under the experimental con-
ditions using an LCpro + infrared gas analyser fit-
ted with a light attachment and an internal CO2
source (ADC BioScientific, Great Arwell, Herts.,
UK). All measurements were carried out between
08:00 h and 14:00 h. Photosynthesis was measured
at irradiance levels of 696, 435, 261, 174, 7, 44, 26
and 0 µmol m−2 s−1. CO2 concentration within the
IRGA chamber was set to the growth concentration.
Average temperature within the IRGA chamber dur-
ing measurements was maintained at 31 ◦C and aver-
age relative humidity was 47%.
2.3. Land surface modelling experiments
The Joint UK Land Environment Simulator (JULES)
is the land surface component of the UK Met Office
Hadley Centre climate model. JULES calculates the
fluxes of energy and mass between the land surface
and atmosphere. It explicitly models the temperature
and water content of soil in an arbitrary number of
layers, as well as the temporal evolution of leaf area
index, when the TRIFFID vegetation model or phen-
ology model is invoked.
In this study, rather than being coupled to a cli-
mate model, JULES is run offline — enabling us to
explore sensitivities of the land-atmosphere system
to individual elements of climate change. The choice
of JULES, moreover, ensures consistency with the
climate model study using UPSCALE, whose land-
surface scheme is equivalent to JULES. In its offline
mode, JULES is driven by observed or modelled met-
eorological variables. Information on soil and land
surface properties is provided by ancillary files. The
version used here is 5.1, which is described in full at
http://jules-lsm.github.io/vn5.1/. A full description of
JULES can be found in Clark et al (2011), and Best
et al (2011).
Key to our study is model representation of pho-
tosynthesis, and the leaf-level exchange of water and
carbon in C3 plants. In JULES, the leaf level stomatal
conductance (gs) is linked to the rate of photosyn-
thesis (A) via the CO2 diffusion equation:
A= gs (Cc −Ci)/1.6 (1)
whereCc and Ci are the leaf surface and internal con-
centrations of CO2.










where D is the leaf humidity deficit and C∗ is the
CO2 compensation point (the point at which no fur-
ther CO2 is absorbed from the environment because
the CO2 required for photosynthesis is equal to the
amount released by respiration). The variables f0 and
D∗ are vegetation-specific calibration parameters (for
full details see Cox et al 1998).
The rate of photosynthesis if there is no water
stress (Ap) is represented as the minimum of three
limiting regimes: (i) Rubisco-limited rate (WC); (ii)
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Figure 1. Present and future monthly rainfall from the UPSCALE simulations. The first column shows the mean rainfall across
the five present climate UPSCALE simulations, the second column shows the mean rainfall across the three future climate
UPSCALE simulations. The third column shows the future minus the present. Stippling indicates where the change is statistically
significantly different at the 5% level (Mann Whitney U test).
Each of the limiting rates of photosynthesis is
affected by environmental conditions (Collatz et al
1991). In C3 plants, all three limiting regimes are
affected by temperature. Photosynthetically active
radiation (PAR), however, only affects W l. Both W c
and W l are affected by the internal CO2 concentra-
tion (Ci).
Leaf photosynthesis (A) is then derived by scaling
Ap with a metric of root-zone soil moisture content
(β):
A= APβ (4)
The means by which ‘A’ is scaled to canopy-level
gross primary productivity (GPP) is described in Best
et al (2011).
As was described above and in Clark et al (2011),
the three limiting rates of photosynthesis and the CO2
diffusion equation (equation (1)) include a num-
ber of plant-specific parameters. In order to account
for these variations, JULES separates vegetation cover
into plant functional types (PFTs). When developing
a cocoa PFT, in this study, we begin by considering
the response of the tropical broad-leaf PFT (Harper
et al 2016) selected for being the closest morphologic-
ally to cocoa. To develop a PFT that resembles cocoa,
we utilise a data assimilation (DA) method, ensuring
that the rate of photosynthesis, and hence the canopy-
scale GPP andNPP (Net Primary Productivity) is cal-
culated using a cocoa specific parameterisation.
The method by which the observations described
in section 2.2 are utilised to parameterise JULES for
cocoa is summarized in the supplementary informa-
tion section 2.
3. Results
3.1. Projected changes in theWest African climate
Both rainfall and temperature are projected to change
during the 21st Century in West Africa. Figure 1
shows that, in the high-resolution simulations, pre-
cipitation is projected to increase over much of West
Africa, albeit with reduced precipitation projected in
Western Guinea and in southern coastal regions of
Ghana and Côte d’Ivoire. These findings are broadly
consistent with the CMIP5 analysis presented in
Roehrig et al (2013).
Cocoa is a perennial crop and is thus sensitive
to the seasonal cycle in rainfall. A metric of rain-
fall seasonality (used in Laderach et al (2013) and
Schroth et al (2016)) is the number of consecut-
ive months of the climatological season cycle dur-
ing which rainfall is less than 100 mm. It is sugges-
ted in these studies and in previously published work
on cocoa (Wood and Lass 2008) that regions that cli-
matologically experiencemore than three consecutive
months of < 100 mm of rainfall are less suitable for
cocoa cultivation, and that this determines the north-
ern boundary of the cocoa belt in Ghana and Côte
d’Ivoire. Figure 2 shows that the projected changes in
rainfall do not result in large changes in this metric
within the present-day cocoa growing regions delin-
eated by Schroth et al (2016). There is some indica-
tion, however, that the projected increases in rainfall
have a favorable effect on the cocoa growing capacity
for some regions of Nigeria. These results are consist-
ent with Schroth et al (2016), but may be considered
more robust because of the improved representation
of the seasonal cycle in the high-resolution climate
simulations used in this study.
The projected changes in rainfall are small in
comparison to variability between models (see sup-
plementary information). This is not the case, how-
ever, for temperature. Figure 3 shows that minimum,
maximum andmean daily temperature are all projec-
ted to increase in this region; by approximately 5 ◦C
by the end of the 21st Century under an RCP8.5 scen-
ario. Moreover, figure 4 indicates that the projected
shifts in temperature are fairly uniform across the full
range of values. In other words, a 30 ◦C event in the
present occurs as often as a 35 ◦C event is projected to
occur in the future; and the same is true for a 20 ◦C
present/25 ◦C future event.
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Figure 2. Average number of consecutive months with < 100 mm rainfall (‘dry months’) in a present climate UPSCALE
simulation (left), a future climate UPSCALE simulation (middle) and the change (right).
Figure 3. Comparison of temperatures from present climate and future climate UPSCALE simulations: daily maximum
temperature (top row), daily mean temperature (middle row) and daily minimum temperature (bottom row). The first column
shows temperature from the present climate UPSCALE simulation, the second column shows temperature from the future
climate UPSCALE simulation, the third column shows the change. The furthest right column contains QQ plots comparing the
temperature distribution under present climate and future climate UPSCALE simulations; the grey dotted line represents a 1:1
relation, the blue dashed line shows a 1:1+ 5 ◦C relation. The region used for the QQ plots (7◦W–0◦W, 5.1◦N–8◦N) is shown in
the first 3 columns.
The high-resolution climate simulations provide
detailed spatial information and a good representa-
tion of seasonality, but they are only available for the
end of the 21st Century and for a high emissions scen-
ario. Although there are deficiencies in the CMIP5
simulations, the multi-model mean broadly captures
the spatial variability of present day mean annual
rainfall amount and temperature (Roehrig et al 2013,
Dunning et al 2017). There is value, therefore, in
using the CMIP5 simulations to explore projected
time series of regional annual temperature and rain-
fall, and to explore sensitivity to emissions scenarios.
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Figure 4. Change in temperature and precipitation through time: Timeseries of mean annual temperature (left) and mean annual
precipitation (middle) and annual total precipitation when the rainfall rate is over the 95th percentile (right) from 29 CMIP5
models over 1950–2100 over 7◦W–0◦W,5.1◦N–10◦N. The black line/grey shading shows the mean and standard deviation for
each year across the 29 models for the historical simulation; the blue and red lines/shading are for RCP4.5 and RCP 8.5
respectively. The anomalies are calculated relative to 1986–2005. The dots indicate when the range of values from 29 models for
that year is significantly different from the range for 1986–2005 at the 5% level, using a Mann–Whitney U test.
Figure 4 shows time series of anomalies in temperat-
ure, total rainfall, and amount of rain during intense
events for 70 W–0, 50N –100 N—comparing RCP4.5
and RCP8.5 emissions scenarios for 29 CMIP5 mod-
els. The dots show where the multi-model anomaly
distribution for a given year is significantly differ-
ent to the multi-model anomaly distribution for the
climatological period (1986–2005)—in other words,
when the signal of climate change emerges from the
noise of internal model variability. The anomalies are
calculated relative to each model’s own climatology.
As would be expected, there is a large warming trend.
Scenario differences become apparent in the 2030s,
but significant warming relative to 1986–2005 is evid-
ent for both scenarios throughout the future model
integration.
In contrast to temperature, when averaged over
a large region, a signal of increase or decrease in
annual precipitation barely emerges from the noise,
even by the end of the 21st Century. Comparing
RCP4.5 and RCP8.5, there is some indication that dif-
ferences betweenmodels are slightly greater at the end
of the 21st Century for the RCP8.5 scenario, but bey-
ond that, there is little sensitivity to scenario. Pre-
vious studies have shown, however, that even when
the projected change in mean precipitation is small,
theremay be significant projected changes in the daily
extremes (Field et al 2012). The bottom panel of fig-
ure 4 shows that the amount of seasonal precipitation
during high rainfall days is projected to increase by
the end of the 21st Century in RCP8.5.
3.2. Parameterisation of JULES for cocoa
As was described in section 2, the first step of the
modelling is using a DA technique to parameterize
the land-surface model for cocoa (Pinnington et al
2020). The results of the DA are shown in figure 5.
Figure 5 (top left panel) shows the observations and
the prior JULES prediction before DA. The observed
photosynthesis initially increases with irradiance and
then saturates at around 250 µmol m−2 s−1 (consist-
ent with cocoa being a shade-adapted plant). In com-
parison, the photosynthetic rate for JULES has only
just begun to saturate at 450 µmol m−2 s−1, as is typ-
ical for standard C3 vegetation. For both model and
observations, the level of photosynthesis for the plant
is always higher under increased CO2 levels. Figure 5
(top right panel) is the same as the top left panel but
now using the new parameterisation after applying
the DA technique to the JULES model and observa-
tional data. It is clear that after DA, the JULES model
predictions fit the cocoa observations well and are
always within the standard deviation of the observa-
tions. This is further illustrated by the scatter plots in
two bottom panels of figure 5, where, after DA, the
value of r2 increases whereas root-mean squared error
(RMSE) decreases considerably, for the JULES pre-
dictions compared to the observations. These find-
ings provide evidence that we now have a version of
the JULES model capable of representing key aspects
of photosynthetic response of cocoa to changes in
CO2 and other key atmospheric variables.
3.3. Process-based investigation of changes in
cocoa productivity
In order to explore the effect of climate change on
cocoa productivity, net primary productivity was
simulated using JULES driven with the present and
future CO2 levels and climates. NPP is the accumu-
lation of biomass by plants before any litter or mor-
tality. Although it is not a direct indicator of yield it
does represent the resource available to the plant for
growth, including allocation into fruiting bodies. In
this study, we focus on NPP rather than GPP because
NPP is more closely related to crop yield. The driving
data were derived from the same high-resolution cli-
mate simulations described in section 2.1, and all res-
ults are presented for the JULES cocoa PFT (see sec-
tion 2.3).
Over much of West Africa, NPP is projected to
increase (figure 6), suggesting that cocoa trees will
becomemore productive. Over the key cocoa growing
regions, highlighted in the box plots, the changes are
significant at the 95% level. Small decreases (<10%)
are seen in the coastal and northwest regions, inwhich
precipitation is projected to decline. In the light of
previous studies (Laderach et al 2013, Schroth et al
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Figure 5. The effect of assimilating observations on the representation of photosynthesis: Observed and modelled photosynthesis
light response curves for cocoa under 2 different CO2 regimes, vertical lines represent± 1 standard deviation from the modelled
and observed mean, before DA using default JULES parameters (top left), after assimilating observations from a leaf chamber
attached to an infrared gas analyser and optimising 8 leaf level photosynthesis parameters in JULES (top right). Observed
photosynthetic rate versus JULES modelled photosynthetic rate before DA using default JULES parameters (bottom left), and
after DA (bottom right).
2016), the increases in NPP might seem unexpected,
given that temperatures are higher and the projected
precipitation changes are small.
To investigate further, a series of idealised exper-
iments was conducted, in which temperature, pre-
cipitation and specific humidity were altered in turn
for both present day and elevated CO2 (figures 7
and S2.1). In these experiments, temperature was
increased by a uniform value, and precipitation and
humidity were altered by a uniform proportion.
Two sets of scenarios were considered, representing
CMIP5 RCP8.5 average temperature, precipitation
and humidity changes for the middle and end of the
21st Century, under an RCP8.5 scenario. Additional
sets of simulations, in which the vegetation suffers no
water stress at all—i.e. β is kept at 1 throughout the
simulation period (equation (4)), were carried out for
both scenarios. Areal mean NPP for all the experi-
ments for the region highlighted in figure 6 is shown
in figure 7. Comparison between the idealized runs
suggests that the projected increase in NPP is driven
primarily by elevated CO2, with the effect modulated
by change in temperature, precipitation and humid-
ity. As would be expected, NPP increases with higher
precipitation and atmospheric humidity—both of
which act to reduce water stress (which affects pho-
tosynthesis, see equation (4)). The sensitivity to water
stress is confirmed by the highNPP in the simulations
in which water stress is set to zero, i.e. β = 1. These
effects are highlighted in figures S2.1(b) and S2.1(c).
Here, the projected increase in specific humidity has
a greater effect on NPP than the projected increase in
precipitation, especially for the end of century scen-
arios. It should be noted that because of the large
warming, in the full future climate scenarios, the pro-
jected increase in specific humidity is still generally
associated with a reduction in relative humidity, and
hence an increase in vapour pressure deficit (D). In
the model, the effect of increased D is to reduce the
internal concentration of CO2 and hence to reduce
the rate of photosynthesis (equation (2)).
The response to regional temperature change is
more difficult to anticipate. GPP and hence NPP will
be reduced if the temperature is either well below or
well above the optimum for photosynthesis. As tem-
perature increases towards the optimum, the rate of
photosynthesis increases and then decreases sharply
once the optimal temperature is exceeded (Lam-
bers and Oliveira 2019). In West Africa, field stud-
ies have shown a weak positive correlation between
7
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Figure 6. Comparison between present and future NPP: Maps of NPP for the JULES cocoa PFT when run using UPSCALE
present climate (top left) and future climate (top middle) and difference between projected future and present NPP (top right).
Box plots of Net Primary Productivity (NPP) for the JULES cocoa PFT when run using UPSCALE present climate and UPSCALE
future climate for the rectangle box included on the maps (bottom).
Figure 7. Box plots of Net Primary Productivity (NPP) for factorial experiments using UPSCALE present climate and varying
CO2 concentration, temperature, precipitation and specific humidity: using CMIP RCP8.5 mid-century values (left), using CMIP
RCP8.5 end of century values (right). The region over which the averaging is carried out is shown as a rectangle on figure 6.
temperature and cocoa production (Ojo and Sadiq
2010, Lawal and Emaku 2007), suggesting that in the
present day, the optimum temperature for cocoa is
not frequently exceeded in hot years, and also that
the temperature is not so far below the optimum that
it becomes the primary limitation on yield. This is
consistent with the relationship between temperat-
ure and GPP in the model experiments (figure 8),
which shows that for the West African climate, GPP
is not heavily dependent on daily temperature. Note
that we compare GPP, rather than NPP against tem-
perature in order to make inferences about changes
in the optimal temperature for photosynthesis. At the
highest temperatures, however, there is a sharp drop
off in GPP, suggesting that the optimal temperature
for photosynthesis is exceeded on the hottest days in
both the present and future climate.
Based on these results, we would expect that if
temperaturewere to increase by the amount projected
in RCP8.5 simulations by the end of the century, GPP
would be low because temperatures are frequently
well above the optimum. And indeed, this behaviour
is evident in the factorial experiments (figure 7).
However, the factorial experiments also show that
when CO2 is elevated, GPP at high temperatures is
similar to that simulated for present day conditions.
The reason for this can be inferred from figure 8,
which plots GPP against temperature for present day
and future conditions (with no water stress). This
comparison suggests that the optimal temperature
increases as CO2 increases and that the temperatures
found in the future are not as far beyond the optimum
as would be expected if the optimal temperature was
the same as for the present day. This shift in optimal
temperature under elevatedCO2 is an emergent prop-
erty of the land surface model, related to changes to
the limiting conditions on photosynthesis (Sage and
Kubien 2007).
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Figure 8. Plot of mean daily GPP versus daily temperature anomaly for all points in red box in figure 6. The blue and red shading
indicates where the majority of points are for different combinations of mean daily GPP and mean daily temperature.
Temperatures are anomalies calculated relative to the UPSCALE present day aerial mean climatology. The blue shading is for
present day CO2 and the red shading is for elevated CO2.
4. Discussion
Previous studies of the effect of climate change on
cocoa cultivation in West Africa have either been
based on observational and experimental results
(Lahive et al 2019, Ojo and Sadiq 2010, Lawal and
Emaku 2007) or on climate ‘envelopes’, which assess
the prevalence of favourable climatic conditions in
the future (Läderach et al 2013, Schroth et al 2016).
Here we combine these approaches, by paramet-
erising a land-surface model using DA techniques
combined with observations of cocoa productivity
under elevated CO2, and then applying the model to
simulations of present and future climate.
Our study finds that in the regions where cocoa
is currently grown in Ghana, Côte d’Ivoire and Togo
(delineated in Schroth et al 2016), NPP is projected
either to stay the same or to increase slightly. The
small decreases in NPP in the southernmost parts of
these countries predominantly concern regionswhere
cocoa is less widely cultivated, although it should be
noted that some cocoa is cultivated in south-west
Ghana. Further east, in Nigeria, and further west in
Liberia, modest increases in vegetation productivity
are projected. There is some suggestion that projected
increases in rainfall during the dry seasonmay extend
the regions suitable for cocoa cultivation slightly fur-
ther north in Ghana, Togo and Côte d’Ivoire, but the
abrupt drop in NPP north of∼ 11.5 N persists in the
future simulations. Changes in the timings of the wet
and dry seasons during the year will impact on crop-
ping patterns and establishment success of seedlings.
Some of these findings contrast with previous
work (Läderach et al 2013, Schroth et al 2016). In
particular, it was suggested in that although drought
stress would not worsen, even by the 2050s, increases
in maximum temperature would reduce the suit-
ability for cocoa production in all countries apart
from Cameroon (Schroth et al 2016). Underlying
this result is the assumption that the present-day
optimum temperature for cocoa will stay the same
in the future. Our modelling, however, suggests that
the temperature range tolerated by cocoa is raised
by rising CO2 concentrations—a finding consistent
with previous observational and modelling studies
(Long 1991, Sage and Kubien 2007, Bagley et al 2015,
Dusenge et al 2019). In coffee, for example, photo-
synthesis under supra-optimal temperatures declined
less under elevated CO2 compared to that under
ambient CO2 (Rodrigues et al 2016). Survey of the
CMIP5 ensemble indicates, furthermore, that an
upward shift in optimum temperature in high CO2
scenarios is an emergent property of most CMIP5
models (figure S3.9). The published literature sug-
gests that this is caused by a shift in the transition
from carbon limited to export limited photosynthesis
(Long 1991, Sage and Kubien 2007). It is, neverthe-
less, clear from figures 7 and 8 that the highest daily
temperatures inWest Africa are detrimental toNPP in
both present and future climate scenarios. Moreover,
it should be noted that the optimal temperature for
photosynthesis is variety dependent, and that there
is thus a clear need for further experimental observa-
tions on cocoa to corroborate these model findings.
An additional factor, not accounted for in previ-
ous statistical studies of future cocoa production, is
the direct fertilization effect. Experimental observa-
tions indicate that the rate of photosynthesis increases
as a result of elevation in CO2 (figure 5). Comparison
betweenmodel output and observations (see figure 5)
suggests that, if anything, the new cocoa parameter-
ization slightly underestimates the direct fertilization
effect. Our study, however, assumes that the instant-
aneous effect of increased CO2 concentration on the
rate of photosynthesis persists indefinitely. In prac-
tice, the response of vegetation to increased CO2 con-
centration may be affected by acclimation—a phe-
nomenon in which the initially positive response of
photosynthesis rate to elevated CO2 declines after
weeks/months of exposure (Sage et al 1989). Accli-
mation is related to inhibition of photosynthesis
(down-regulation), through various processes caused
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by accumulation of photosynthetic products in plant
leaves, and increased stomatal resistance (Xu et al
2015 and references therein). Genetic experiments
confirm that the severity of down-regulation is linked
to the availability of ‘sinks’ for additional photosyn-
thetic products (Ainsworth et al 2004). The mag-
nitude of the acclimation effect is thus expected to
vary between plant species. Extended large scale Free-
Air CO2 Enrichment (FACE) experiments, in which
plants are grown under elevated CO2 in natural envir-
onments, provide insights into the long-term plant
response to elevated CO2. Such experiments indic-
ate, for example, that coffee does not acclimate sig-
nificantly to elevated CO2 (Ghini et al 2015, Rako-
cevic et al 2018). These findings are consistent with
leaf-level observations, which demonstrate that pho-
tosynthesis in coffee plants is not down-regulated
in high CO2 environments (Ramalho et al 2013).
In general, woody perennials, which have relatively
large available sinks for photosynthetic products, tend
to acclimate less to elevated CO2 than plants with
smaller sinks (Ainsworth and Long 2005, Ainsworth
and Rogers 2007). It should also be noted that the
responses modelled here are based upon measure-
ments made on juvenile cocoa growing under ideal
greenhouse conditions (see section 2.2). Enhance-
ment of growth and photosynthesis in response to
elevated CO2 may be constrained by limitations in
other key resources such as nutrient supply and may
differ in mature trees.
There are no long-term observations of cocoa
grown under high CO2 conditions. In this context,
however, coffee is a good analogue. Coffee and cocoa
are both woody perennials, and thus both have rel-
atively large sinks for photosynthates. Furthermore,
unusually for C3 plants, neither has a strong sto-
matal response to high concentrations of CO2 (Ghini
et al 2015, Lahive et al 2018) Batista et al 2012. As
an understory tropical species which evolved in an
environment where water limitations are likely to
have been infrequent there was probably not a strong
selection pressure for stomatal sensitivity in cocoa.
A recent study has highlighted that a lack of sens-
itivity in stomatal response to elevated CO2 is not
unusual and tends to be most prevalent amongst
woody species fromwarm, dry environments (Purcell
et al 2018).
A potentially detrimental effect of increased sto-
matal resistance is reduced plant transpiration, which
in turn reduces atmospheric humidity and hence
precipitation—changes that might partly offset the
expected improved drought tolerance (Peters et al
2018). In practice, however, cocoa’s weak stomatal
response to CO2 means that these processes are likely
to be of secondary importance, compared to the
impact of larger scale climate change. The response
of shade trees and natural forest fragments present in
the cocoa landscape will also have a potential impact
here.
In our study, we only consider total biomass (as
represented by NPP). We do not consider how chan-
ging environmental conditions may affect the alloc-
ation of biomass to cocoa pods and final yield. Plant
reproductive development is generally considered to
be more sensitive to rising temperatures than veget-
ative development. However, there are limited data
on this subject in cocoa (e.g. Daymond and Hadley
2008). We also do not have sufficient observational
data to explore how projected environmental changes
may affect the cocoa bean quality; bean size and fat
content being key traits of importance to the industry.
Nevertheless, assessment of general climatic suitabil-
ity, defined here as modelled changes in NPP, is the
first step towards making decisions on future cultiva-
tion of cocoa.
In conclusion, a process-based modelling study,
supported by experimental observations, indicates
that even under a high emissions scenario, NPP
will be maintained in the regions of West Africa
where cocoa is currently grown throughout the 21st
Century.
Data availability statement
The data that support the findings of this study are
available upon reasonable request from the authors.
Acknowledgments
Emily Black, Caroline Wainwright, Fiona Lahive and
Ewan Pinnington acknowledge the support of Mars-
Wrigley Confectionary, who generously funded the
bulk of this work. Emily Black, Pier Luigi Vidale and
Caroline Wainwright are grateful for support from
the National Centre for Atmospheric Science core
programme and from the national capability pro-
gramme, ACREW, which is supported by NERC
and the GCRF. Emily Black, Peter Cook and Car-
oline Wainwright also acknowledge support from the
NERC/DFID BRAVE project (NE/M008983/1) and
the NERC/DFID HyCristal project (NE/M020371/1).
Richard Allan was supported by the European Union
Seventh Framework Programme (FP7/2007-2013)
under Grant Agreement 603502 (EU project DAC-
CIWA: Dynamics–aerosol–chemistry–cloud interac-
tions in West Africa). Pier Luigi Vidale and Patrick
McGuire acknowledge funding the Horizon 2020
programme, PRIMAVERA (Grant No. 641727)
and the National Environmental Research Council
(NERC), UK Earth System Modelling (Grant Nos.
NE/N017951/1). Fiona Lahive, Andrew Daymond
and Paul Hadley acknowledge the support of Cocoa
Research UK.
10




















Pier Luigi Vidale https://orcid.org/0000-0002-
1800-8460
References
Ainsworth E A and Long S P 2005 What have we learned from 15
years of free-air CO2 enrichment (FACE)? A meta-analytic
review of the responses of photosynthesis, canopy properties
and plant production to rising CO2 New Phytol. 165 351–72
Ainsworth E A and Rogers A 2007 The response of photosynthesis
and stomatal conductance to rising CO2: mechanisms and
environmental interactions Plant Cell Environ. 30 258–70
Ainsworth E A, Rogers A, Nelson R and Long S P 2004 Testing the
“source–sink” hypothesis of down-regulation of
photosynthesis in elevated CO2 in the field with single
gene substitutions in Glycine max Agric. For. Meteorol.
122 85–94
Asfaw D, Black E, Brown M, Nicklin K J, Otu-Larbi F, Pinnington
E, Challinor A, Maidment R and Quaife T 2018
TAMSAT-ALERT v1: a new framework for agricultural
decision support Geosci. Model Dev. 11 2353–71
Bagley J, Rosenthal D M, Ruiz-Vera U M, Siebers M H, Kumar P,
Ort D R and Bernacchi C J 2015 The influence of
photosynthetic acclimation to rising CO2 and warmer
temperatures on leaf and canopy photosynthesis models
Glob. Biogeochem. Cycles 29 194–206
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